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The longstanding muon g− 2 anomaly may indicate the existence of new particles that couple to
muons, which could either be light (<∼ GeV) and weakly coupled, or heavy ( 100 GeV) with large
couplings. If light new states are responsible, upcoming intensity frontier experiments will discover
further evidence of new physics. However, if heavy particles are responsible, many candidates are
beyond the reach of existing colliders. We show that, if the (g − 2)µ anomaly is confirmed and no
explanation is found at low-energy experiments, a high-energy muon collider program is guaranteed
to make fundamental discoveries about our universe. New physics scenarios that account for the
anomaly can be classified as either “Singlet” or “Electroweak” (EW) models, involving only EW
singlets or new EW-charged states respectively. We argue that a TeV-scale future muon collider will
discover all possible singlet model solutions to the anomaly. If this does not yield a discovery, the
next step would be a O(10 TeV) muon collider. Such a machine would either discover new particles
associated with high-scale EW model solutions to the anomaly, or empirically prove that nature is
fine-tuned, both of which would have profound consequences for fundamental physics.
INTRODUCTION
The 3.7σ discrepancy between the Brookhaven mea-
surement of the muon anomalous magnetic moment aµ [1]
and the Standard Model (SM) prediction [2] is among
the largest and most persistent anomalies in fundamen-
tal physics. The latest consensus [3–22] gives
∆aexpµ = a
exp
µ − atheoryµ = (2.79± 0.76)× 10−9 . (1)
If experiments at Fermilab [23] and J-PARC [24] con-
firm the Brookhaven result, and if precision QCD calcu-
lations do not appreciably shift the theoretical prediction,
it would establish the first conclusive laboratory evidence
of physics beyond the SM (BSM).
Since the new physics contribution to aµ is fixed by
coupling-to-mass ratios, the anomaly can be reconciled
either with light weakly coupled particles [25], or with
heavy particles that couple appreciably to muons [26–
35]. If the former scenario is realized in nature, multiple
fixed-target experiments are projected to discover new
physics in the decade ahead [36–44]. However, if these
searches ultimately report null results, the only remain-
ing possibilities involve heavy particles.
Heavy BSM states modify aµ through the dimension-5
operator
Leff = Ceff v
M2
(µLσ
νρµc)Fνρ + h.c. , (2)
where µL and µ
c are the two-component muon fields,
v = 246 GeV is the SM Higgs vacuum expectation value
(vev), Ceff is a constant, and M is the BSM mass scale.
Note that the symmetries of the SM already impose im-
portant constraints on this operator: the chirality struc-
ture of Eq. (2) requires a fermion mass insertion to gener-
ate ∆aµ, and reconciling the different electroweak quan-
tum numbers of µL and µ
c requires an insertion of v. All
BSM scenarios that generate this interaction fall into one
of two categories:
• Singlet Models: if all new particles are neutral
under the SM, the Higgs coupling insertion, and
hence also the chirality flip, must arise from the
small muon mass mµ = yµv/
√
2, so Ceff ∝ yµ,
where yµ is the Higgs-muon Yukawa coupling. For
the maximum couplings allowed by unitarity, ex-
plaining ∆aµ in Eq. (1) implies M <∼ TeV, see
Eq. (4).
• Electroweak (EW) Models: if some of the new
states carry SU(2)L × U(1)Y quantum numbers,
the chirality flip and the Higgs coupling insertion
in Eq. (2) can arise from new and potentially larger
masses and couplings, allowing a BSM mass scale
M & 10 TeV. Importantly, these interactions may
yield large finite loop contributions to the Higgs
mass and muon Yukawa coupling.
For both classes of models, there is a “worst case” sce-
nario in which the new particles couple preferentially to
muons and are maximally beyond the reach of existing
experiments while still generating the required ∆aµ.
In this Letter we present a “no-lose theorem” for a fu-
ture muon collider program:
If the (g − 2)µ anomaly is due to BSM physics,
a combination of fixed-target experiments and a
muon collider with
√
s & TeV and ∼10 ab−1 of
luminosity will be able to discover all explanations
for the anomaly involving only SM singlet fields. If
no new particles are found, a higher-energy muon
collider with
√
s ∼ 50−60 TeV would then be guar-
anteed to discover the heavy states in EW models
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FIG. 1. Example Feynman diagrams contributing to (g − 2)µ. Left: In models that only feature SM singlet scalars or vectors
S or V , the chirality flip and Higgs vev insertion must originate on the muon line, so the contribution in Eq. (4) implies
O(1) couplings for singlets at the ∼ TeV scale. Right: In scenarios that feature SM charged states, as shown for nightmare
scenario, the chirality flip and EWSB Higgs coupling insertion can be placed on internal lines, parametrically enhancing ∆aµ
and allowing for BSM mass scales above 10 TeV.
with sizable couplings that generate ∆aµ, or em-
pirically prove that nature (specifically the Higgs
and muon mass) is fine-tuned. If the latter is true,
the BSM states generating ∆aµ have to have sev-
eral very large couplings, and still be lighter than
∼ 100 TeV due to perturbative unitarity bounds.
Such states would be discoverable at some future
facility.
In our no-lose theorem we assume the validity of quan-
tum field theory, so it is understood that a violation of
perturbative unitarity would also be a signature of (possi-
bly strongly-coupled) new physics with BSM states below
100 TeV.
SINGLET MODELS
If the BSM states are all EW singlets, their masses do
not arise from electroweak symmetry breaking (EWSB),
so the chirality flip (and hence the Higgs vev insertion)
in Eq. (2) originates on the muon line, as shown in Fig.
1 (top). Here Ceff ∼ g2yµ, where g is the singlet-muon
coupling. These models for g − 2 must involve at least
one new particle coupled to the muon,
gSSµ¯µ , gV Vν µ¯γ
νµ , (3)
where S/V is a scalar/vector (axial or pseudoscalar cou-
plings give the wrong sign ∆aµ) and parametrically
∆aµ ∼
g2m2µ
12pi2M2
∼ 10−9g2
(
300 GeV
M
)2
, (4)
where we have taken the M  mµ limit [25, 37]. Thus,
singlets near the weak scale must have ∼ O(1) couplings
to yield ∆aµ ∼ 10−9 in Eq. (1) and the masses are
bounded by M . 2 TeV to satisfy unitarity bounds which
require gS/V .
√
4pi.
In what follows, we assume that the singlet S or V
couples to the muon as in Eq. (3) with sufficient strength
to resolve the ∆aµ anomaly. We find that for all vi-
able masses and decay channels, low energy experiments
will test all singlet candidates below . few GeV, and an
appropriate muon collider can test the remaining heavy
singlets in a model independent fashion.
Light Singlets
Although there are many experiments designed to
probe light, singlet particles responsible for ∆aµ (see [45]
for a review), most candidates are already excluded based
on how they couple to light SM particles. Nearly all vec-
tor bosons from anomaly-free U(1) SM gauge extensions
(e.g. B − L) are ruled out as explanations for the ∆aµ
anomaly [46]; the only exception is a gauged Lµ − Lτ
gauge boson, which remains viable for mV ∼ 10 − 200
MeV [47, 48], but will be fully tested with upcoming
kaon decay [49] and muon trident searches [42]. Light
scalars that couple preferentially to muons can still be
viable depending on their dominant decay modes and
lifetimes [37].
Proposed muon beam fixed-target experiments can
likely test all remaining ∆aµ candidates below the few-
GeV scale [36–44]. In particular, the proposed NA64µ
[36, 50] and M3 [38] experiments are projected to cover
all invisibly decaying singlet ∆aµ candidates lighter than
a few GeV. These concepts can likely be modified to also
test visibly decaying singlets produced in muon fixed-
target interactions, such as a muon beam variation on
the HPS experiment [51]. Combined, these approaches
would leave no room for sub-GeV singlets that explain
∆aµ. (Small model dependent gaps may remain for sin-
glets that decay semi-visibly, but these typically within
reach of various future experiments [43]; we address this
possible loophole in future work [52].)
3Heavy Singlets
Comprehensively probing all singlet candidates heavier
than a few GeV that resolve the ∆aµ anomaly requires a
muon collider. At such machines, independently of how
the singlet decays, its presence introduces an irreducible
virtual correction to muonic Bhabha scattering µ+µ− →
µ+µ−. If M & 100 GeV, resolving ∆aµ requires g &
e, so the BSM contribution dominates and discovery is
trivial. In the opposite regime, SM/BSM interference is
the dominant signal contribution, so for
√
s  M the
BSM cross section scales as
σintµµ→µµ ∼
g2α
4pis
∼ 2 fb
( g
10−2
)2(100 GeV√
s
)2
. (5)
The SM Bhabha cross section scales as α2/s ∼
0.2 pb (100 GeV/
√
s)2, so a 5σ discovery requires a lu-
minosity
L ∼ 10 ab−1
(
10−2
g
)4( √
s
100 GeV
)2
, (6)
which suffices to cover the “worst case” singlet scenario
for M ∼ 5 GeV, just beyond the kinematic reach of muon
beam fixed target experiments [36, 38, 50]. Note that
the g−4 scaling in Eq. (6) guarantees that all heavier
∆aµ candidate singlets can be discovered with even less
luminosity; from Eq. (4), g must be even larger to resolve
the anomaly at higher mass. Note that our analysis here
conservatively relies solely on singlet exchange in muonic
Bhabha scattering, which makes no assumptions about
how the singlet decays.
Thus, a combination of fixed target and muon collider
searches at various
√
s can cover all remaining singlet
models for ∆aµ up to the unitarity limit at M ∼ TeV.
Note that if there are NBSM > 1 singlets coupled to
the muon, then the highest mass scale compatible with
unitarity increases with
√
NBSM, which does not signifi-
cantly change our conclusions for NBSM . 10.
ELECTROWEAK MODELS
Much higher BSM mass scales are possible if the new
states carry EW quantum numbers, which allows the chi-
rality flip and/or v insertion in Eq. (2) to arise from heavy
BSM states, yielding
∆aµ ∼ y
3mµv
8pi2M2
∼ 10−9Ceff
(
20 TeV
M
)2
(7)
with Ceff ∼ 1. Here y is a generic trilinear coupling,
see Fig. 1 (right). Although there are many possibili-
ties for such BSM models, we are interested in the min-
imum energy and luminosity a muon collider must have
for a guaranteed discovery of the highest-scale BSM mod-
els generating ∆aµ. Thus, we need only study the min-
imal simplified models that generate the largest possible
1-loop ∆aµ contributions for a given BSM mass scale
MBSM. Note that we restrict to 1-loop contributions be-
cause 2- and higher-loop contributions will give a lower
BSM mass scale. This leads us to consider some of the
models previously studied in Refs. [27, 29, 30, 35], though
in a very different context. Our approach is also different
from previous attempts to define simplified model dictio-
naries for generating ∆aµ [26–34], since we identify a sin-
gle “nightmare scenario” that acts as a synecdoche for all
possible perturbative models, in order to determine the
highest possible BSM mass scale.
Simplified Nightmare Scenario for ∆aµ
The necessary ingredients are: (1) at least 3 BSM
fields, including at least one boson and one fermion;
(2) a pair of those fields mixes via a Higgs coupling after
EWSB; (3) all new fermions are vector-like to maximize
allowed masses; (4) all new scalars with EW charges do
not acquire vacuum expectation values, since for > TeV
scales, any EWSB vev exceeds the measured v ≈ 246 GeV
for perturbative scalar self-couplings. We also focus on
the most experimentally pessimistic case in which BSM
states only couple to the SM through their muonic inter-
actions.
Thus, we define a model with a single vector-like
fermion pair F/F c in SU(2)L representation R
F with
hypercharge Y F , and two complex scalars ΦA,ΦB
in SU(2)L representations R
A, RB with hypercharges
Y A, Y B :
L ⊃ −y1F cL(µ)Φ∗A − y2FµcΦB − κHΦ?AΦB
−m2A|ΦA|2 −m2B |ΦB |2 −mFFF c + h.c. . (8)
Here y1, y2 are new Yukawa couplings and κ is a trilin-
ear coupling with dimensions of mass. L(µ) and µ
c are
the left- and right-handed second-generation SM lepton
fields, and H is the Higgs doublet. The choices of repre-
sentations must satisfy RA⊗RF ⊗ 2 ⊃ 1, RB = RF and
Y A = − 12 − Y F , Y B = −1 − Y F . We also consider the
trivial generalization where there are NBSM copies of the
above fields (i.e. BSM flavors) contributing to ∆aµ.
There are other representative model classes that sat-
isfy the above requirements for “nightmare scenarios,”
including (1) scenarios with two fermions and a scalar
(instead of two scalars and a fermion as above); (2) mod-
els with vectors instead of scalars; or (3) cases involving
Majorana fermions or real scalars. We analyzed these
cases and checked that all such variations yield smaller
∆aµ contributions, and hence require lower BSM mass
scales to explain the anomaly. It is also possible for ad-
ditional couplings to be present in Eq. (8), but they do
not contribute to ∆aµ and would not significantly change
our analysis, except by possibly introducing additional
collider signatures; we conservatively ignore these other
possibilities.
4We calculate the ∆aµ contribution of our nightmare
scenario, shown in Fig. 1 (right), and reproduce results
in the literature [26, 27]. The chirality flip comes from
the vector-like fermion mass, while the v insertion is
due to ΦA-ΦB mixing, giving ∆aµ ∼ y1y2κvmµ/M3BSM.
Note that ∆aµ is now controlled by three BSM couplings
y1, y2, κ that can be relatively large.
Highest possible BSM mass for ∆aµ
For our nightmare scenario, we study all possible repre-
sentations in which every new particle is a singlet, dou-
blet or triplet under SU(2)L (similar to [28, 29]) and
has electric charge |Q| ≤ 2. Generalizing our results is
straightforward, though we do not expect higher repre-
sentations to change our conclusions, since we find that
the largest BSM masses are allowed for the “smallest”
models with two singlets and one doublet.
In each of these cases, for a given choice of mass param-
eters mA,mB , we calculate ∆aµ at 1-loop and find the
highest possible mass mF that yields ∆aµ = 2.8 × 10−9
for allowed values of y1, y2, κ. The couplings are re-
stricted to satisfy perturbative unitarity constraints (we
derive them in detail in [52] similar to [33, 53–57]), which
are |y1,2| ≤
√
16pi, |κ| < κmax, where κmax ∼ dmAmB/v
is a function of BSM mass parameters and d ∼ O(0.1−1)
if there is large hierarchy between mA and mB , asymp-
toting to d 1 as mA → mB .
While unitarity dictates the only physics upper bound
on BSM masses, it is important to consider the natural-
ness of the model as well, since generating the required
∆aµ with maximally heavy BSM masses introduces two
hierarchy problems, due to large finite loop corrections to
the Higgs mass and the muon Yukawa:
∆m2H ∼ −
κ2
16pi2
, ∆yµ ∼ y1y2
16pi2
κmF
M2
, (9)
where M2 is a combination of m2A,m
2
B ,m
2
F . This is
not surprising for the Higgs, which has a well-known
quadratic sensitivity to new physics. It is interesting,
however, that the muon mass becomes technically un-
natural in this nightmare scenario (and its variations
mentioned above), since the 1-loop correction to yµ is no
longer proportional to yµ itself, due to the shared chiral
symmetry between muons and the new heavy fermions
in the limit where both are massless.
These (two) hierarchy problems are not like the (sin-
gle) hierarchy problem of the SM, which arises due to
well-motivated but still hypothetical contributions in the
far UV. Rather, they concretely arise from heavy BSM
particles solving the (g − 2)µ anomaly, and represent an
explicit tuning of Lagrangian parameters due to finite,
calculable contributions within the theory. Experimen-
tal determination of their high mass scale would therefore
constitute empirical proof that nature is tuned! (A sim-
ilar observation was recently made in connection with
electron EDM measurements [58].) This is analogous to
discovering e.g. split supersymmetry [59, 60], where the
lightest new physics states are heavy and couple to the
Higgs, except that to solve the (g − 2)µ anomaly with
such heavy states, the muon mass must be tuned and
technically un-natural as well.
We therefore also ask how heavy the BSM states can
be if we impose a conservative naturalness constraint on
the new couplings by requiring
∆ ≡ max
(
∆m2H
m2H
,
∆yµ
yµ
)
< 100 . (10)
This corresponds to percent-level tuning in both Higgs
and muon masses, since maximizing all couplings rele-
vant for ∆aµ saturates both tuning bounds. Fig. 2 shows
our results for the two scenarios with the highest mass
of the lightest BSM state, in the case where that state
can be neutral (left) or always has to be charged (right).
For NBSM > 1, one expects higher BSM masses to be
possible since there are more contributions to ∆aµ, but
each flavor also contributes to the ∆m2H ,∆yµ corrections.
This lowers the maximum allowed size of the couplings
for a given tuning, resulting in the largest possible BSM
masses depending only very weakly on the number of fla-
vors. Empirically, we find that the mass upper bounds
scale as ∼ N1/6BSM.
Therefore, given the different possible charge assign-
ments in our nightmare scenarios, and allowing for up
to percent-level tuning of both m2H and mµ, we find that
∆aµ = 2.8×10−9 with one (10) BSM flavor(s) predicts at
least one new charged particle lighter than 25 (32) TeV.
In some cases, the lightest BSM state is a SM-singlet, in
which case its mass must be below 15 (22) TeV.
The maximum allowed BSM masses are somewhat
higher if only unitarity constraints are imposed, allow-
ing all BSM couplings to be maximally large. Neutral or
charged particles must then still be lighter than 50/100
TeV for NBSM = 1, with maximum masses scaling as√
NBSM.
Muon Collider Signatures
Based on our findings for the EW nightmare scenarios,
we now argue that a
√
s ∼ 50 − 60 TeV muon collider
with sufficient luminosity to study benchmark SM pro-
cesses at this energy will be able to discover either heavy
BSM particles generating ∆aµ, or prove that nature is
fine-tuned by a process of elimination (assuming lower-
scale singlet model solutions to the anomaly have been
excluded by that point).
High-scale EW model solutions to the (g−2)µ anomaly
require charged states with masses below ∼ 25−32 TeV,
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FIG. 2. Contours show the mass (TeV) of the lightest BSM state in two EW nightmare scenarios with a single BSM flavor
(RFY F , R
A
Y A , R
B
Y B ) = (1−1,2 12 10) (left) or (1−2,2 32 ,11) (right), as a function of the scalar mass parameters (mA,mB). The
colored regions are labeled with their lightest BSM state. For each (mA,mB), we found the largest possible fermion mass mF
and couplings y1, y2, κ that generate ∆aµ = 2.8× 10−9 without exceeding Higgs and muon mass tuning ∆ = 100. In the gray
regions, the required ∆aµ cannot be generated.
for NBSM = 1−10. This sets the minimum energy of the
muon collider required to guarantee the pair-production
of BSM states at
√
s ∼ 50 − 60 TeV (unless one allows
for extremely high numbers of BSM flavors). A heavy
charged state X can be pair-produced in Drell-Yan pro-
cesses independent of its direct couplings to muons, with
a pair production cross section similar to SM EW 2→ 2
processes above threshold, σXX ∼ fb (10 TeV /
√
s)2 [61].
Since such states are visible if they are detector-stable,
or have to decay to visible SM final states, conclusive
discovery of such heavy new states should be possible re-
gardless of their detailed phenomenology. Of course, a
high-energy electron or much higher-energy proton col-
lider could also produce these states. This would likely
be even more technically daunting than a muon collider
at this energy (see also [62]).
While at least one of the charged states can always
be produced in EW processes, in some cases the lightest
state X0 is a SM singlet. This singlet has sizable direct
couplings y1,2 to muons, meaning only a muon collider
is guaranteed to produce X0 via t-channel exchange of a
heavy charged state with cross section σ ∼ y21,2/(4pis) ∼
O(10 fb) for y1,2 ∼ O(1). (Smaller couplings can generate
∆aµ only if all the BSM masses are significantly below
our upper bounds, in which case many new states become
discoverable.) We perform basic signal and background
estimates using MadGraph5 [63], leaving a more detailed
collider study for future work [52].
If X0 decays visibly inside the detector, it can be dis-
covered in similar searches as for the charged states. If
it is detector-stable, discovery has to rely on X0 pair
production in association with a photon, leading to a
γ + /E signal with cross sections in the 1 − 10 fb range
for pγ & TeV. The main SM backgrounds are µ+µ− →
γ(Z → ν¯ν), which is easily vetoed since it is dominated
by on-shell Z-production with pγ ≈
√
s/2, and vector
boson fusion (VBF) processes like µ+µ− → ν¯νγ with
t-channel W -exchange. The latter has a large cross sec-
tion ∼ pb, since SM EW production processes via VBF
are greatly enhanced at high-energy muon colliders [62],
but the associated photon is relatively soft, so imposing
the pγ & TeV cut reduces the total background rate to
∼ O(10) fb, meaning discovery is possible with 10 - 100
ab−1 of luminosity depending on the BSM couplings.
CONCLUSION
The search for physics beyond the SM is one of the
key pursuits of high-energy physics. Unlike other pos-
sible sources of BSM physics, such as dark matter or a
solution to the strong-CP problem, a BSM explanation
for the muon anomalous magnetic moment requires new
states with couplings to SM particles and a mass scale
bounded from above. In this Letter, we have outlined a
model-independent search strategy which, assuming the
aµ anomaly is genuine, is guaranteed to discover new
physics in the same way that the LHC was guaranteed
to discover new physics related to electroweak symmetry
breaking.
It has recently been argued that a muon collider with√
s ∼ 10 TeV and integrated luminosity of ∼ 10 ab−1 in
∼ 3 years of running is a potentially achievable [61, 64].
A facility ramping up to this energy would be able to
discover all singlet model explanations for the (g − 2)µ
anomaly, and probe the most theoretically motivated
6(i.e. natural) parameter space of all the EW models as
well. Furthermore, because muon colliders utilize the full
CM energy towards producing on-shell states,
√
s = 10
TeV corresponds to an equivalent hadron collider CM en-
ergy of ≈ 220 TeV [62], thereby enabling a broad explo-
ration of SM and BSM physics at unprecedented energy
scales, including various electroweak dark matter scenar-
ios [62, 65], and precise measurement of the Higgs quartic
coupling [66].
In future work [52], we will elaborate on the phe-
nomenology of the various possible Electroweak models,
the precise unitarity bounds for each coupling from each
scattering channel, and conduct detailed studies of the
dominant signatures for each model as a function of muon
collider energy and luminosity that expand on our initial
estimates. We will also discuss how departures from the
starkly minimal assumptions we have made would lower
the BSM mass scale due to e.g. flavor constraints on re-
lated couplings [28, 67]. The goal of the present Letter
and this longer follow-up compendium will be to set the
stage for a muon collider that would pay concrete physics
dividends in the coming decades.
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